Abstract: In this paper, we investigate the characteristics of all-optical modulation via thermo-optic effects of an optical microfiber coupler (OMC) and the theoretical analysis and experimental results are shown. The intensity modulation and the phase modulation efficiency are proportional to the length of the OMC' waist region, the pump light intensity, etc. We experimentally characterize the OMC, presenting that stable intensity and phase modulation can be realized by pumps at microwatts level. For OMC' intensity modulation, the modulation bandwidth is measured to be 50 kHz under 1.7 mW pump light intensity. We also demonstrate OMC's phase modulation function, and the frequency response characteristics of the OMC phase modulator shows similar properties with the OMC's intensity modulation, which mainly depends on the waveguide structures of the OMC' waist region and the heat conduction property of the waveguide materials. These results are valuable for the development of all-optical modulators and all-optical tunable filters based on subwavelength scales optical fiber, and hold great potential in laser and optical sensing applications.
Introduction
Optical modulation is an essential operation in photonics, which has been widely used in all kinds of optical sensing and optical communication systems [1] . With the rapid development of information technologies, in order to achieve fiber to the home, hand-held devices and other large-scale distributed projects and meet the demand of environment monitoring and biosensing, optical devices (such as modulator, attenuator, filters and laser) with high efficiency, low cost and high-performance optical interconnects are needed [3] - [6] . Now most of the optical modulators are realized generally based on electro-optic effects, thermo-optic effects, or elastic-optic effects and driven with electrical signal, are too big or too complex for optical system integration [7] , [8] . The nonlinear coefficients of conventional communication optical fiber material are relatively small, so high-power pump lasers are required to realize effective phase modulation. For example, phase modulation based on Kerr effect requires power level of watt and fiber length of thousands of meters to realize π phase modulation (ϕ max = χP 0 L ef f , the working wavelength is 1550 nm, χ = 2 W −1 /Km [9] ). To meet the requirements of high-speed all-optical integrated systems, special waveguide structures should be designed to enhance the optical confinement and the interaction between light and waveguide materials.
Optical microfiber (OM) is a kind of sub-wavelength waveguide, which has a number of outstanding optical and mechanical properties, including strong confinement and large evanescent fields, and has attracted a lot of attentions these years [10] . Especially, OMs provide a new way for the development of novel optical modulators and filters [10] - [13] . For example, by using the large evanescent field of OM, an all-optical fiber modulator based on a stereo graphene-microfiber structure (GMF) was demonstrated [11] , [12] . By using the large surface area to volume ratio and strong optical confinement of OM, an all-optical phase modulator based on thermo-optic effect has been fabricated for sensing demodulation system [13] . However, there remains a challenge to use single-port microfiber in optical interconnections, of which the solution comes from the optical microfiber couplers (OMCs). While the transmission characteristics of OMC heavily depend on temperature and ambient refractive index which has been utilized for optical sensing [14] - [23] , such a sensitive response also makes all-optical intensity modulation via thermo-optic effects possible. Since the subwavelength scaled waist region of OMC can be equaled to a quasi-regular cylindrical waveguide that has similar heat conduction properties to OM [13] , [24] , OMC also holds great potential to enable all-optical phase modulation. Being reproducibly and reliably fabricated using conventional fibers, OMC takes all advantages of microfibers but enables multiply input and output ports sufficing complex networks. Additionally, waveguide couplers are widely used in chip-based photonics integration systems, the majority of which are based on thermo-optic modulation effects to achieve optical modulation and attenuation [4] - [6] . And in these photonics integration systems, such as chip-based quantum key distribution systems, the waveguides coupling and thermal stability of those devices will directly affect the signal-to-noise ratio and error rate of the systems [5] . Therefore, it is very important to conduct research on the thermo-optic effect of OMC, which will be very helpful to obtain all-optical modulators based on it and will provide valuable study protocols for the thermal stability control of photonic integration systems.
Theory
According to literature [13] , the transmission loss in the OM is more than 10 5 times higher than that in a standard communication fiber. Then the heat generated in the OM is much more severe than in a standard communication fiber. So the OM is easy to be heated up with low-power pump light because it has less volume and can confine light in a very small area over its waist region. In addition, the OM also has large surface-to-volume ratio, which allows heat conduction from the surface effectively. Therefore, based on the light absorption induced thermal effect, OM can realize all-optical phase modulation at low-power pump light. Therefore, we took the realization method of the OM phase modulator as reference, injected the pump light into the OMC to heat the waist region, then the probe light will be all-optical modulated. The OMC is fabricated with two twisted conventional fibers based on a improved flame-brushing method [24] , [25] , which is comprised of taper region and uniform waist region, and the schematic of the composition OMC is shown in Fig. 1 . The refractive index n(x, y, z) and propagation constant β(z) of local position section change with position z. Considering that the coupling region changes slowly, local coupled mode theory can be utilized to analyze the coupling property of OMC [9] . The waist region of the OMC plays an important role on mode coupling which can affect the coupling coefficient and also the output interferometric spectra, and the coupled power of the OMC' two output ports (port 3, port 4) can be expressed as [26] , [27] : where P 0 is incident operation light power, l is the length of the coupling region, c(z) is the coupling coefficient in location z.
As shown in Fig. 1 , by injecting an intensity-modulated pump light into OMC from port 2, the partial pump light will be absorbed by the waveguide material, of which the energy converts to heat the waist region of OMC. The thermo-optic effect will change the refractive index of the waveguide material in the OMC' waist region and the coupling ration of OMC will change. So that the operation light transmission in the OMC will be modulated by the intensity modulation pump light. For optical fiber waveguide material, its thermo-optic coefficient is much larger than its thermal expansion coefficient
. Therefore, we will neglect the impact from the thermal expansion effect on intensity modulation in the following discussions [13] . The OMC' uniform waist region has the smallest diameter, thus the modulation efficiency is highest [13] . So the OMC' uniform waist region (the strong couplingregion) plays the most important role on OMC' coupling coefficient [27] . Therefore, the thermo-optic effect in the taper region is negligible, and we assume that the coupling coefficient only depends on the refractive index distribution in the waist region. Under the impact of intensity-modulated pump light, the power fluctuation of the OMC' two output ports can be expressed as [28] :
where M is coupling coefficient change rate caused by n, it can be expressed as:
n is the change of the waveguide material's refractive index by thermo-optic effect. γ is thermooptical coefficient. L and r denote the length and the cross-sectional radius of the waist region. α is the loss coefficient of the pump light in the OMC' uniform waist region. η denotes the fraction of absorbed pump power converted to heat. f is the refractive index modulation frequency (the pump light modulation frequency). I p is the pump light intensity. ρ and C are the density and specific heat of the OMC waveguide material (silica fiber), respectively. At low driven power, (2) take simpler forms of:
The modulation efficiency is in proportion to L , α, η, I p , and has an inverse-quadratic dependence on r . For a given pump intensity, either increasing length or reducing cross-sectional radius of waist region makes the signal power variation larger. Therefore, it is especially valid to reduce the driven power by fusing two fibers closer in practical fabrication procedures of OMC. And based on the thermo-optic effect, by changing the intensity-modulated signal mode of the pump modulation light, different kinds of intensity modulation of operation signal light for OMC can be achieved.
The properties of OMC intensity modulation which have been discussed above are mainly based on the refractive index change of OMC waveguide material caused by light absorption-induced thermal effects. In fact, the refractive index change also has a phase modulation effect, especially for waist region of OMC. If OMC is spliced in one arm of the interferometer, the phase modulation effect is supposed to be achieved. In practical fabrication process of OMC, fusion accumulation effect will occur, and the two coupling OMs have become fused together. Consequently, in older to analyze the properties of OMC's phase modulation, the two coupling OMs are assumed to be a whole (quasiregular cylindrical waveguide). For the thick part of coupling region, the light induced thermal effect modulation efficiency can be neglected. By referring to the property of OM phase modulator, the longitudinal thermal conduction can be neglected, and the OMC' phase response amplitude excited by the pump light can be obtained according to the heat conduction equation [8] , [13] :
where A = 2h /ρCr 1 , B = α/πρCr 2 1 , h is heat convection conductivity. r 1 is the radius of the waist region of quasi-regular cylindrical waveguide, approximate to be r 1 ≈ 2r . θ is phase delay, and it is related to the response of pump laser and the diameter of OM. In (5), the first term describes the phase shift response amplitude used to characterize phase modulation processes. Meanwhile the second term describes the static thermo-optic effect becoming negligible when the stability of modulation is built up (the phase response under average modulation light power), that is, the temperature at waist region remains unchanged (temperature becomes stable). By using formula (5) with parameters in reference [13] , the π phase modulation can be realized under the action of milliwatts pump light by the OMC phase modulator. Note that the pump-induced phase shift has similar dependence to the pump-induced signal power variation, therefore, the phase modulation can be achieved simultaneously with the intensity modulation, and benefits from high modulation frequency and low driven power by increasing L and reducing r .
Experiment
A schematic experimental set up is shown in Fig. 2 which is used to characterize the OMC-based modulator. The CW probe beam came from a 1550 nm semiconductor laser (RIO) with a linewidth of 2 kHz, and was through an isolator incident into the input port of a conventional coupler. Two Faraday rotator mirrors, subscripted as FRM1 and FRM2, and the conventional coupler formed a Michelson interferometer. The splitting ratio of the coupler was particularly set, such that the 10%-transmittance path (reference arm), and the 90%-transmittance path (including OMC sample), have a compensated loss facilitating fine interference coherence. The pump at 980 nm came from a laser diode driven by controller (ILX Lightwave LDC-37488B) and arbitrary waveform generator (AWG), and was through a wavelength division multiplexer (WDM) incident into port 2 of the OMC sample. According to the test results, nearly 50% of the light power of 980 nm pump light can be injected into OMC.
The pump-induced refractive index variation changed the coupling coefficient of the OMC sample, therefore either by monitoring signal power out of port 4 using band-pass filter (BPF) at 1550 nm and power detector (subscripted as PD3, New Focus, Model 1623), or by monitoring reflected signal power out of port 2 using WDM and PD2, the intensity modulation was characterized. Moreover, the pump-induced phase-shift of signal changed the interference between reference path and signal path, hence a variation of signal power, reflected out of the other input port of the conventional coupler, filtered by BPF, and monitored by PD1, took place. By adding carrier modulation to probe laser to achieve the phase generated carrier (PGC) demodulation, the phase modulation was characterized.
The output power characteristics of 980 nm laser have been calibrated before the optical modulation test. The current driving threshold of the laser is about 40 mA, then the output power increases linearly with the driving current. In order to obtain a standard intensity modulated signal of the 980 nm laser (to ensure the modulation depth of the pump light is M 1), when different amplitude modulation signals are added to the pump driver, the driving bias voltage should be adjusted at the same time. The 980 nm pump laser can generate the standard sinusoidal signal with adjustable amplitude and frequency. With the increase of the amplitude of modulation signal applied to the 980 nm pump source, the average output power of the laser increases linearly (the output efficiency is 11 μw/MV), and the measured results are shown in Fig. 3 .
The detector response amplitude versus sample point presented in PD1 and PD2 are shown in Fig. 4 , which gives a general glance of phase modulation and intensity modulation, respectively. Two modulation processes are driven by the pump, with a modulation frequency of 100 Hz (sample rate of 2 kHz), and a pump power of 2:5 mW (modulation amplitude of 200 mV). Since probe beam copies the dynamic property of modulated pump beam originally coming from AWG, the response amplitude presents that the thermo-optic effect efficiently modulates the phase and coupling coefficient simultaneously. Fig. 4(a) is the output phase modulation response of interferometer, while Fig. 4(b) is 1550-nm intensity modulation response from port 2 of OMC. As shown in Fig. 4(b) , the intensity modulation signal of the 1550-nm light has the same frequency with the modulation of 980-nm pump light. In Fig. 4(a) , there was interference signal response in the interferometer when Fig. 4 . The results of system output when the modulation frequency of 980 nm pump light was set to be 100 Hz with 2 kHz sample rate (a) the output phase modulation response of interferometer (b) the 1550nm intensity modulation response from port 2 of OMC. the 980-nm pump light was injected into OMC, which means that phase modulation was achieved in the waist region of OMC, verifying the theoretical analysis mentioned above. It's obvious that the intensity of the reflective 1550-nm light from port 1 of OMC was modulated, so the output interference signal contained intensity envelope signal.
In addition, the test results for the properties of amplitude response of OMC's intensity modulation were also recorded. By fixing the frequency of 980-nm pump light, the intensity modulation response of OMC with different modulation amplitudes pump light have been measured (the diameter of OMC sample' waist region is 5 μm and the length of uniform waist region is 10 mm), which is shown in Fig. 5 . It can be seen that, as the modulation amplitude of the pump light increases, the amplitude of modulation response of 1550-nm output light will increase accordingly. And there is a linear relationship between the amplitude of OMC's intensity modulation response signal and the amplitude of pump modulation light when the power of pump modulation light is below 2.5 mW, which accords with the theoretical analysis. Besides, the intensity modulation will occur when the power of modulation light reach tens of microwatts. That means the light coupling between waveguides and thermal stability is an important problem that should be taken into consideration in photonic integration systems.
As is mentioned above, phase modulation will be achieved when OMC's waist region is heated by 980 nm pump light. Then the measurement of the OMC' modulation response characteristics was implemented (We used the OMC sample whose waist region is 5 μm and length of uniform waist region is 10 mm). Fig. 6 is the phase modulation response of the system that is demodulated by the PGC method, when modulation frequency and amplitude of the 980 nm pump light are 10 kHz and 200 mV, respectively. Fig. 6(a) presents a stably response amplitude of signal sharing same frequency with pump. By using PGC method, such a response amplitude is demodulated in the frequency domain and time domain, respectively. Fig. 6(b) shows that the distribution peak locates at 10 kHz with an signal-to-noise ratio exceeding 40 dB, while Fig. 6 (c) presents a phase modulation response amplitude of 0.4 rad, demonstrating that OMC makes possible a satisfying phase modulation functionality.
The properties of amplitude response and frequency response of OMC's phase modulation were also recorded. By fixing the frequency of 980 nm pump light, the phase modulation response of OMC with different modulation amplitudes have been measured. By using different modulation amplitude at a given frequency of 1 kHz, the detection amplitude demodulated in frequency domain is shown in Fig. 7(a) . Stable phase modulation is presented as the signal-to-noise ratio exceeds around 80 dB, which becomes larger by increasing the modulation amplitude from 50 mV to 800 mV. Moreover, the phase response versus pump modulation amplitude is shown in Fig. 7(b) , where the phase response increases linearly at two different modulation frequencies. There is a linear relationship between the amplitude of phase modulation response and amplitude of pump modulation light. The fitted slopes corresponds to phase modulation response coefficients of 1rad/mW and 0.57 rad/mW, when modulation frequencies are at 0.2 kHz and 1 kHz, respectively. Then the frequency response properties of the OMC' intensity modulation and phase modulation are shown in Fig. 8 . We fixed the amplitude of the 980 nm pimp modulation light (the amplitude was set to be 200 mV with the average power about 2.5 mW), and the modulation frequency varied from 0.1 to 10 kHz. We use the data at 100 Hz to normalize the response amplitude at different modulation frequency. Fig. 8 shows that working in both intensity and phase modulation regime, the normalized response has an inverse proportional dependence on modulation frequency. Referring to the test results of OM all-optical phase modulator [13] , the all-optical modulation response of OMC and OM show the similar property, which means the frequency response mainly depends on the waveguide structures of the devices and the heat conduction properties of the waveguide materials.
Moreover, as emphasized in theory, reducing the cross-sectional diameter of OMC waist region enables stronger and quicker thermo-optic response, which is the most desirable property for higher frequency modulation. Fig. 9 shows the frequency response properties of the OMC samples with different waist region diameters that under the intensity modulation regime (the OMC samples with waist region diameters is 6 μm and 4 μm, respectively). As is shown in Fig. 9 , the modulation bandwidth and modulation efficiency becomes better when the OMC sample with smaller waist region diameter. Note that by using the OMC sample with waist region diameter of 4 μm, a high modulation frequency of 50 kHz driven by a pump power of only 1.7 mW is achieved. It is demonstrated that the sub-wavelength scaled OMC holds a great potential as a modulator, tunable attenuator or switch.
While we have shown the satisfactory results of heat-driven modulators, the experiments were carried out in the OMC sample with only two input and two output ports. This issue can be, in future works, improved using OMC samples with multiple ports, where more complexed modulation sufficing large scale interconnection may be realized. In addition, according to the analysis of om heat conduction and optical confinement characteristics, the maximum bandwidth of om modulator based on thermo-optical effect can be up to 5 MHz. In view of this, by further optimizing the OMC structure parameters, it is expected to expand the modulation bandwidth of the OMC modulator as well as its applications. Moreover, we can increase the waist region length, enlarge loss coefficient by doping silica fibers, and use graphene or metal coating [12] , [29] - [31] for higher modulation frequency. In addition, an all-optical inner-modulation method is validated through our characterization. Based on such a method, a number of functionalities such as all optical tunable band-pass filters or wavelength control in fiber lasers [26] , [27] , could be realized.
Conclusion
By analytically characterizing the local coupled mode theory of optical microfiber coupler, we presented the principle of all-optical modulation via thermo-optic effect, and proposed the approaches of achieving modulation using low driven power. Experiments were carried out, demonstrating that the driven power could be several tens of microwatts and the modulation frequency could exceed kilohertz. By using a sample with waist region cross-sectional diameter of 4 μm in the intensity modulation regime, the highest modulation frequency reached 50 kHz driven by a pump power of 1.7 mW, which well validated analytical predictions. Since the intensity and phase of signal can be all optically and simultaneously modulated with similar stability and reproducibility, which can be further improved by designing waist region dimensions and material constituents, this work naturally becomes a significant building block of complex fiber interconnections, in addition to well enlighten the researches in integrated circuits.
